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Background: Quantitative flow cytometry (QFCM) is being applied in the clinical flow cytometry lahoratory.
Quantitative normal T-cell CD4 expression represents a biologic standard and quality control agent. However,
low levels of CD4 expression were detected in normal T-cells in Hairy Cell Leukemia (HCL) samples.

Methods: The QuantiBrite System™ was used to determine the level of CD4 expression (mean antibody
bound per cell, ABC) in fresh and shipped HCL blood and fresh normal donor blood (NDB). The effects of
shipping, lysing reagent, cell preparation method, and antibody lot were evaluated.

Results: Shipped HCL specimens (n = 69) had a significantly lower mean CD4 ABC of 38,788 (CV = 9.1%)
compared to fresh specimens (n = 105) CD4 value of 40,330 (CV = 8.4%) (P < 0.05). In NDB, significant dif-
ferences were seen for fresh versus shipped specimens using the stain/lyse method but not for lyse/stain
method. Consistent differences in CD4 ABC based upon antibody lot were observed in fresh HCL and NDB sam-
ples. Stain/lyse and lyse/stain methods using NH,CI lyse were compared in NDB using identical samples and
antibodies. The NDB CD4 ABC values obtained with the lyse (NH4Cl)/stain method (45,562, 3.7% CV) were
lower than those obtained with the stain/lyse (NH4CI) method (49,955, 3.3% CV) with P < 0.001.

Conclusions: CD4 expression in HCL patient samples is not inherently different from that observed in
NDB and therefore may serve as a hiological control in clinical QFCM. Technical variables impact signif-
icantly on QFCM of CD4. Published 2010 Wiley-Liss, Inc.
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Quantitation of antigen expression has demonstrated
utility in the clinical flow cytometry laboratory (1-4).
Flow cytometric antigen quantitation is typically accom-
plished by measuring antibody binding. Quantitative
flow cytometry (QFCM) determines the number of mole-
cules of bound fluorescent antibodies (5). When saturat-
ing concentrations of antibodies and optimal conditions
are used, QFCM provides an objective measurement of
the molecules of antigen on the cell surface. The base-
line separation of positive from negative CD4 distribu-
tions, tight distribution in terms of its coefficient of
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variation (CV) and known low interpersonal variation of
CD4 expression by normal T cells have allowed for the
standardization of CD4 expression (6-8). Furthermore as
the normal level of CD4 expression is known, CD4
QFCM has been used as a biological control in its own
right (9).

Several approaches have been taken to quantitate the
actual amount of CD4 antigen expressed on the surface
of the CD4 lymphocyte (10-14). Molecular equivalents
of soluble flurochrome (MESF), as developed by
Schwartz coworkers and made more universal by the
National Institute of Standards and Technology (NIST),
represents one approach to the quantification of CD4
expression (12,13). Prior to this Poncelet and Carayon
developed a method using radio-labeled antibodies for
the determination of CD4 expression (11). The latest
approach using 1:1 PE conjugates of the anti-CD4 anti-
body was developed and tested in a series of papers by
Davis coworkers (14-16). During the course of immuno-
phenotyping blood samples from patients with hairy cell
leukemia (HCL), one of us (MS) noticed that the level of
CD4 expression was decreased compared to normal
published values. This brief technical report describes
and reviews experiments conducted to define the tech-
nical variables affecting CD4 quantitation.

MATERIALS AND METHODS
Patient Samples

Peripheral blood specimens from a total of 174
patients with a confirmed diagnosis of hairy cell leuke-
mia were submitted to the Flow Cytometry Unit, Labora-
tory of Pathology, National Cancer Institute (Bethesda,
MD) for evaluation by FCM of the numbers of malignant
B cells prior to and post therapy. One hundred and five
specimens were received fresh within 3 h of collection
while 69 specimens were shipped to the laboratory by
overnight express and were at least 24 h old upon
receipt. Specimens were submitted for evaluation by
QFCM of cell surface antigen expression by malignant
and normal lymphoid cells. Patients were undergoing eli-
gibility evaluation for a research protocol studying the
efficacy of novel therapies in hairy cell leukemia. All
patients signed IRB-approved informed consent to be
screened for eligibility.

NCI Sample Immunophenotyping Preparation
of HCL Samples

Cell surface expression of CD4 by normal T-cells was
evaluated in these specimens. Specimens were stained
within 48 h of collection with a panel of antibodies
(fresh specimens stained in less than 12 h, shipped
specimens stained within 24-48 h of collection). Eryth-
rocytes were lysed by incubating with lysing solution
(150 mM NH,CI, 10 mM KHCOj3, 0.1 mM EDTA) for 10
minutes at room temperature at a ratio of 1:9 (volume
of sample: volume of lysing solution). Specimens were

then washed with phosphate buffered saline (PBS) to
remove cytophilic antibodies before determining cell
number (17). Cellularity was manually determined by a
hemocytometer and viability by trypan blue uptake. In
evaluating levels of CD4 expression, specimens were
stained for 30 min at room temperature with a cocktail
of the following three antibodies: CD4PE (1:1 conju-
gate), CD45PerCP, CD3APC (antibody concentration for
CD4 at the saturation level and the concentrations of
other two antibodies used according to manufacturer’s
recommendations). After incubation, cells were pelleted
by centrifugation (500g for 15 min at room tempera-
ture), the media was aspirated, and the cells washed
twice in a PBS solution containing 0.1% NaN; and 0.5%
albumin. All cells were fixed in 1.0% paraformaldehyde
and stored at 4°C for up to 12 h before acquisition.

NCI QFCM Analysis of HCL Samples

Three-color flowcytometry was performed using a BD
Biosciences FACS Calibur flow cytometer. The sensitivity
of fluorescent detectors was monitored using Calibrite
beads (BD Biosciences, San Jose, CA) according to the
manufacturer’s recommendations. Data (collected in list
mode) were analyzed with CellQuest Pro software (BD
Bioscience) and FCS Express (De Novo Software). At
least 5,000 lymphocytes were acquired per tube. For
analysis, relevant cell populations were analyzed by gat-
ing on forward scatter (FSC), side scatter (SSC), CD45,
CD3, and CD4. QuantiBRITE beads were run through a
FACS Calibur flow cytometer on the same day at the
same instrument settings as the individual patient speci-
mens. QuantiBRITE PE Beads (BD Bioscience) are preca-
librated standard beads containing known levels of PE
molecules. A standard curve comparing the geometric
mean of fluorescence to known PE content of the Quan-
tiBRITE beads was constructed using QuantiCALC soft-
ware. The regression analysis, slope, intercept, and
correlation coefficient were determined. Analysis gates
were drawn based upon immunophenotype and cell
size to include only the T cells for determination of the
geometric mean fluorescence of CD4 staining. The ABC
values were generated from the measured geometric
mean fluorescence of cells in analysis gates containing
only the normal T cells using the QuantiBRITE standard
curve.

Evaluation Using Normal Blood Donor Samples

Experimental design. A series of experiments were
conducted. In the NCI method of lyse and stain (L/S),
whole blood was lysed with NH4Cl and then washed
twice. A hemocytometer-based cell count was applied
for the NH4CI lysed sample. Using this protocol, two
normal donors, #1 and #2 were stained with single rea-
gent CD PE 1:1 (lot 1 FDA and lot 2 NCI), and a third
tube contained an NCI premixed cocktail (with lot 2
CD4 PE combined with CD45 PerCp, CD3 APC) to eval-
uate the potential effect of other reagents in the panel.
In the FDA protocol, heparin anticoagulated blood was
washed twice with phosphate buffer saline (PBS) to
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remove cytophilic antibody (17). The washed blood was
stained followed by applying the NH/CI lyzing reagent
(stain and lyse, S/L). Thus in this first set of experi-
ments, the lysing reagent NH,Cl was fixed and the order
of lysing and staining was varied (L/S versus S/L) as well
as the antibody lot and single antibody versus three
color cocktail. In the second experiment, a direct com-
parison was carried out between two lysing reagents
using a single normal donor #3, specifically: the NCI
NH4Cl (I/S) and the FDA FACSLyse (S/L). In the third
experiment, normal donors, #4 and #5 were processed
precisely following NCI protocol of L/S with NH4CI and
FDA protocol of S/L with FACSLyze, and their results
were compared. In the fourth experiment, peripheral
blood from normal donors 6, 7, and 8 were split, with
half processed immediately and half shipped overnight
express to the laboratory to expose the specimens to
shipping conditions and a delayed processing time. Both
the immediately processed and shipped specimens were
processed identically with NH4CI lysing reagent and fixa-
tion. The order of lysing and staining was varied (1/S
versus S/L). We performed a three-way factorial repeated
measures analysis of variance on the raw data. The
model included the three main effects—method (L/S,
S/L), CD4 (single antibody, cocktail), and treatment
(fresh, shipped)—and all interaction effects. Samples (n
= 8) taken from blood donors (7 = 3) were modeled as
the repeated measures. The standard errors were adjusted
using a sandwich estimator or the empirical covariance
matrix estimator. P-values were corrected for multiple
comparisons by a stepdown Bonferroni method (18).

Sample preparation. In the first experiment, either
100 pL (1 x 10° cells) of washed whole blood or lysed
whole blood was added to each tube with prealiquoted
reagents. Tubes were vortexed gently and incubated for
30 min at room temperature in the dark. For the S/L
NH,CI protocol, the stained whole blood samples were
treated with the NH4CI lysing solution for 10 min at
room temperature, and then washed twice and resus-
pended in 0.5 mL PBS for acquisition. For the second
experiment, a single normal donor #3 was employed.
While using the S/L method, one set of tubes was lysed
with 2 mL of FACSLyse solution (BD Biosciences) and
the second set was lysed with 2 mL of NH4Cl from NCI
laboratory. Both sets were incubated for 10 min in the
dark at room temperature. Sample tubes were centri-
fuged for 10 min and supernatant was decanted. Cell
pellet was vortexed gently and washed with PBS. Cells
were then resuspended in 0.5 mL of PBS for acquisition.
In the third experiment, the NCI L/S NHCl protocol
was unchanged and the FACSLyse was selected as the
lysing reagent in the FDA S/L method as it is routinely
performed in this FDA laboratory.

FDA QFCM analysis of normal donor blood sam-
ples. FACSCantoll flow cytometer performance and
setup was monitored using cytometer set up and track-
ing (CS&T) microbeads (BD Biosciences). For each
experiment, PE Quantibrite beads (BD) and Ultra Rain-
bow beads (URB, Spherotec) were acquired prior to the
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Fic. 1. Comparison of two different antibody lots in determining the
mean CD4 ABC values for normal T cells in fresh peripheral blood and
overnight shipped peripheral blood from Hairy Cell Leukemia patients.

acquisition of cellular samples for quantitation. The
number of events was 50,000 per tube. Data was ana-
lyzed using FACSDiva software.

RESULTS
CD4 Expression in HCL Samples

The initial observation was that the level of CD4
expression on T cells from both fresh and overnight
shipped samples from patients with HCL was lower
than consensus values for normal T cells (14-16,19).
The CD4 ABC values determined in fresh, in house, pe-
ripheral blood from HCL patients were compared to
those determined in specimens shipped by overnight
express. Thirty-nine percent (39%) of the peripheral
blood specimens studied were shipped by overnight
express and therefore were at least 24-h-old and possibly
exposed to extreme temperatures. The shipped periph-
eral blood (n = 69) had a significantly lower mean CD4
ABC of 38,788 (CV = 9.1%) compared to the fresh, in
house specimens (7 = 105) CD4 ABC mean value of
40,330 (CV = 8.4%) (P < 0.05).

The effect of lot to lot variation in CD4 antibody was
also studied in the fresh, in house, and shipped hairy
cell leukemia patient specimens. There was a significant
difference in mean CD4 ABC between lots 2 and 4 of
anti-CD4 antibody in the fresh in house specimens (Fig.
1), even though both lots were from the same manufac-
turer and were certified as 1:1 for the fluorochrome:
antibody ratio. With the suboptimal shipped specimens,
the difference between Lot 2 and lot 4 was not signifi-
cant (Fig. 1). It is important to note that the magnitude
of the CD4 difference between fresh, in house samples
and the overnight shipped samples was dependent
upon the lot being used.
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Table 1
Comparison of Two Different Antibody Lots in Determining
Mean CD4 ABC Values for T Cells in Fresh Blood from
Normal Donors

Table 3
Comparison of Single Antibody versus Cocktails in
Determining Mean CD4 ABC Values for T Cells in Fresh
Blood from Normal Donors

S/L, CD4 PE 1:1, NH4CI Unstained Lot 1 Lot 2

Normal Donor 1 70 48,159 52,417
Normal Donor 2 68 46,570 51,469
L/S, CD4 PE 1:1, NH4CI

Normal Donor 1 71 43,718 47,257
Normal Donor 2 70 43,491 47,510

CD4 Expression in Normal Donors

Five normal donors were used to define the variables,
one at a time, in attempt to explain the observations
from HCL samples in terms of its technical and/or bio-
logical origin. Variables studied included anti-CD4 1:1
lot, staining protocols, single antibody versus cocktails,
and lysing ragents.

Two lots of anti-CD4 antibody (lots 1 and 2) were
compared using a single antibody (anti-CD4 1:1) among
2 normal donors, using both the stain-then-lyse (S/L) and
lyse-then-stain (L/S) methods. The CD4 ABC values
obtained with Lot 1 were consistently lower than those
obtained with Lot 2 (Table 1).

The stain/lyse and lyse/stain methods, both using the
NH4CI lyse, were compared using identical normal do-
nor cells and antibodies. The CD4 ABC values obtained
with the lyse with NH4Cl and then stain were consis-
tently lower than those obtained with the stain and then
lyse with NH4Cl method (Table 2) regardless as to
whether the CD4 PE was the sole reagent or present in
the cocktail.

The CD4 results of the single anti-CD4 antibody vs. a
cocktail are summarized in Table 3. The CD4 ABC values
obtained with a single anti-CD4 antibody were consis-
tently higher but not statistically significant than those
obtained with a cocktail containing CD4 PE, CD45
PerCP, and CD3 APC.

Comparison of NH4CI and FACS Lyse: CD4 ABC values
were compared in the same normal donor (normal do-
nor 3) using the stain-then-lyse method. The values

Table 2
Comparison of NH,CIl Reagent L/S and S/L Methods in
Determining the Mean CD4 ABC Values for T cells in Fresh
Blood from Normal Donors

Normal donor Antibody / Lot L/S S/L

1 CD4 PE 1:1/ Lot 1 43,718 48,159
1 CD4 PE 1:1/ Lot 2 47,257 52,417
2 CD4 PE 1:1/ Lot 1 43,491 46,570
2 CD4 PE 1:1/ Lot 2 47,510 51,469
3 CD4 PE 1:1/ Lot 3 47,308 50,901
3 CD4 PE 1:1/ Lot 4 47,149 51,043
1 Cocktail / Lot 2 45,242 49,895
1 Cocktail / Lot 2 45,399 49,811
2 Cocktail / Lot 2 44,650 50,450
2 Cocktail / Lot 2 42,142 50,193
3 Cocktail / Lot 4 44,874 48,598

Normal Protocol, CD4 PE CD4

donor Lyse 1:1 Lot PE 1:1 Cocktail
1 L/S, NH4CI 2 47,257 45,242
1 S/L, NH4CI 2 52,417 49,895
2 L/S, NH4CI 2 47,510 44,650
2 S/L, NH4CI 2 51,469 50,450
3 L/S, NH4CI 4 47,149 44,874
3 S/L, NH4CI 4 51,043 48,598
3 S/L, FACS Lyse 4 46,753 45,156
4 S/L, FACS Lyse 2 48,272 45,317
4 L/S, NH4CI 2 47,119 44,592
5 L/S, NH4CI 2 48,137 45,508

Comparison of NH4Cl and FACS Lyse: CD4 ABC values were
compared in the same normal donor (normal donor 3) using
the stain-then-lyse method. The values obtained with FACS
Lyse were consistently lower than those obtained with NH,4CI
lyse (Table 4).

obtained with FACS Lyse were consistently lower than
those obtained with NH4CI lyse (Table 4).

The data in Tables 1-4 and the statistical significance
of the observed differences is summarized in Figure 2.

The effect of overnight shipment of normal donor pe-
ripheral bloods on CD4 ABC values was investigated
(Table 5, Table 6). The three way interaction effect of
shipped versus fresh cell preparation (lyse then stain or
stain and then lyse) and CD4 antibody (CD4 antibody
alone or in cocktail) was significant (P = 0.044). For the
lyse then stain method and CD4 single antibody or CD4
in cocktail there was no significant difference between
the shipped and fresh specimens (P = 0.81). However,
for the stain and then lyse method there was a signifi-
cant difference between the shipped and fresh speci-
mens (P < 0.020). Since the CD4 single antibody and
CD4 cocktail appeared to yield similar results the possi-
bility of combining the different CD4 groups was exam-
ined. The adjusted P-values for the differences for single
antibody CD4 versus cocktail were both >0.05 (0.34
and 0.057, for lyse-then-stain and stain-then-lyse, respec-
tively). Thus, we dropped the three-way interaction
effect from the model and further examined the method
of specimen processing and shipment of specimens
(i.e., the data was pooled over the CD4 groups). Table 6
shows the summary statistics and adjusted P-values for
the treatment difference within each method of speci-
men preparation. For the lyse-then-stain method, there
was not a significant difference between shipped and

Table 4
Comparison of NH,Cl and FACS Lyse in Determining Mean
CD4 ABC Values for Normal T Cells in Fresh Blood from
Normal Donors

Antibody / Lot NH4CI Lyse FACS Lyse
CD4 PE 1:1, Lot 3 50,901 47,174
CD4 PE 1:1, Lot 4 51,043 46,753
Cocktail, Lot 4 48,598 45,156

Cytometry Part B: Clinical Cytometry
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Fic. 2. A summary of the experimental data conducted on a total of
five normal blood donors for the evaluation of sample preparation pro-
tocol, lysing reagent, and antibody addition format on CD4 QFCM.
Multiple measurements were carried out on each normal donor sam-
ples under different experimental conditions/designs. (A) effect of the
sample preparation protocol using the same lysing reagent NH,4CI; (B)
effects of the sample preparation protocol and antibody addition for-
mat (single and cocktail) using the sole lysing reagent NH,4CI; (C)
effect of the lysing reagent with the use of only S/L sample preparation
protocol. These data summarized here include those listed in Tables
1-4 in addition to data obtained for the same donors carried out with
different lots of CD4 PE unimolar conjugate and cocktail reagents.

fresh groups (P = 0.46), but for the stain-then-lyse
method, there was a significant difference between
shipped and fresh groups (P = 0.008).

DISCUSSION

QFCM is being implemented as a diagnostic and prog-
nostic aid in the clinical flow cytometry laboratory. CD4
expression on normal T cells, as measured by QFCM in
normal volunteers, has low interpersonal variation and
has a known value that ranges from 46,000 to 49,000,
depending upon the quantification methodology and
monoclonal reagent utilized (12,14-16). These qualities
have led to the use of CD4 QFCM to study the compara-
bility of different QFCM methods, technical concerns
and interlaboratory variability in performing this test.
CD4 expression on normal T cells has even been used
as a biological calibrator in the place of fluorescent bead
standards because it mimics biological cell samples bet-
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Table 5
Effect of Overnight Shipping in Determining Mean CD4
ABC Values for Normal T cells in Blood from Normal
Donors (Single Antibody Versus Cocktail)

Shipped Adjusted
Method CD4 vs. Fresh Mean SEM  P-value

L/S Single antibody Fresh 38,300 1,930 0.81
L/S Single antibody Shipped 41,000 1,410
L/S Cocktail Fresh 36,100 1,680 0.81
L/S Cocktail Shipped 39,200 1,340
S/L Single antibody Fresh 44,800 1,170 0.020
S/L Single antibody Shipped 41,500 1,380
S/L Cocktail Fresh 42,400 1,100 0.011
S/L Cocktail Shipped 38,400 1,160

ter than the artificial fluorescent beads (9). The consis-
tency of CD4 ABC values for normal T cells led to the
inclusion of CD4 quantitation for quality control in
QFCM of clinical samples in some laboratories.

The observation of significantly lower CD4 ABC val-
ues for the normal T cells in peripheral blood from
patients with hairy cell leukemia (Fig. 1) than those
reported in literature for normal volunteers was there-
fore unexpected. This prompted a search for a possible
technical/biological source for this discrepancy. Signifi-
cant reagent lot to lot variation on CD4 expression was
observed (Fig. 1) on fresh, in house specimens though
the reagents showed no impact on overnight shipped
samples.

As the reference values for CD4 QFCM were deter-
mined in normal control samples, the effects of specific
technical aspects, including sample preparation protocol,
staining reagent (individual or cocktail reagent, and differ-
ent reagent lots), lysing reagents and overnight shipment
were evaluated in normal controls. The two sample prep-
aration procedures evaluated here are NCI's protocol (L/
S) and FDAs (§/L). Using only NH4CI lyse and regardless of
the staining reagent, the S/L method produces statistically
higher ABC values for CD4 expression (mean value,
49,955 and CV of 3.3%) than the L/S method (mean value,
45,562 and CV of 3.7%) as shown in Figure 2A (Box 1 vs.
Box 2, P < 0.001). This mean ABC value of 49,955 by the
S/L method is consistent with our previous reported value
and the literature (14-16,19).

The use of single and cocktail staining reagents pro-
duced no significant difference (P > 0.05) in CD4
expression level under the single lysing reagent of

Table 6
Effect of Overnight Shipping in Determining Mean CD4
ABC Values for Normal T cells in Blood from Normal
Donors (All Antibodies Studied)

Shipped Adjusted
Method vs. fresh Mean SEM P-value
L/S Fresh 37,200 1,800 0.46
L/S Shipped 40,100 1,370
S/L Fresh 43,600 1,130 0.008
S/L Shipped 40,000 1,270

SEM, standard error of the mean.
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NH4CI and a single sample staining protocol (Fig. 2B,
Box 1 vs. Box 2: P > 0.05; Box 3 vs. Box 4: P > 0.05).
The result suggests that the interference between three
different antibody reagents in the cocktail is negligible
statistically.

When two lots of anti-CD4 antibody (Lots 1 and 2)
were compared among 2 normal blood donors using
both the S/L and L/S methods with the single lysing rea-
gent NH4CI, the CD4 ABC values obtained with Lot 1
were consistently lower than those obtained with Lot 2
(Table 1). This observation is consistent with the fresh,
in house hairy cell leukemia patient specimens where
there was a significant difference in mean CD4 ABC val-
ues between Lots 2 and 4 of anti-CD4 antibody (Fig. 1),
even though both lots were from the same manufacturer
and were certified as 1:1 for fluorochrome:antibody ra-
tio. This indicates the impact of subtle differences in
antibody quality on QFCM measurements.

It’s also consistent with our results that the use of
FACS Lyse in both S/L and L/S methods resulted in a sig-
nificant decrease in CD4 expression (Fig. 2C). This
result further supports the use of NH4Cl lyse with clini-
cal sample preparation protocol (L/S). However, higher
CD4 ABC values might be seen using NH4Cl in the stain
and lyse method.

Thirty-nine percent (39%) of the HCL peripheral blood
specimens studied were shipped by overnight express
and therefore were at least 24-h-old and possibly exposed
to extremes of temperature. The shipped peripheral
blood had a significantly lower mean CD4 ABC compared
to the fresh, in house specimens (Fig. 1, Lot 4). This lower
ABC value may be secondary to greater age, exposure to
an extreme environment, disease specific or all three. We
therefore studied the effect of overnight shipment on
CD4 ABC values in normal control blood (Table 5, Table 6)
and found that the effect of overnight shipment was pro-
cess dependent. For the stain and then lyse procedure,
overnight shipment resulted in lower CD4 ABC values.
For the lyse and then stain method of processing, over-
night shipment of peripheral blood resulted in no signifi-
cant difference in CD4 ABC values. The results indicate
that QFCM of shipped and older specimens requires vali-
dation of methodology.

Consistent lower CD4 expression levels in HCL sam-
ples led us to compare the clinical staining protocol (L/
S) and research laboratory protocol (S/L) side by side.
The mean CD4 expression levels on both the fresh pre-
pared and shipped normal blood samples under the
identical fixation condition using the L/S method
(37,200 and 40,100, respectively, Table 6) are generally
in agreement with the results of fresh and shipped HCL
samples (mean 40,330 and 38,788 respectively) (Fig. 1).
The results suggest that CD4 expression in HCL patient
samples is not inherently different from that observed in
normal blood donors, and therefore may serve as a bio-
logical control in clinical QFCM of HCL patients. Our
results also point out the significance of the quality of
the CD4 PE unimolar conjugate on CD4 QFCM. Because
of the importance of CD4 serving as a biological control

in clinical QFCM, the quality control of this reagent is
essential. At the same time, this study raises the need to
continuously evaluate the effects of sample preparation
methods for each reagent within cocktails (20).
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